We studied the field-induced ferri-like (FI) ordering in antiferroelectric (AF) liquid crystals based on a simple geometrical model which includes the electrostatic dipolar and quadrupolar interactions between the molecules in two adjacent layers. In this model, the stabilization of the FI ordering during the AF-ferroelectric (FO) transition results from the quadrupolar interactions between the molecules in the nearest neighbor layers. The experimental results for the dielectric behavior at various bias fields near the AF-FI transition temperature are consistent with the theoretical predictions made within the geometrical model.
Introduction
Since the observation of antiferroelectricity in liquid crystalline systems, 1) a large number of materials exhibiting the antiferroelectric phase have been studied for understanding their physical properties such as thermodynamic, optical, electro-optical, and dielectric properties. [2] [3] [4] Antiferroelectric liquid crystals (AFLCs) have been recognized as a consequence of opposite tilting of the molecules in neighboring layers 1) and pairing which stabilizes the antiferroelectric structure.
2) The pair formation of transverse dipole moments in adjacent smectic layers and the packing entropy due to the excluded volume effect are believed to be critical for the appearance of the antiferroelectricity. 5) In the presence of an external electric field, high enough to overcome the pairing energy, a field-induced transition may occur in such a way that an antiferroelectric (AF) phase is transformed into a ferroelectric (FO) phase through an intermediate ferrielectric (FI) state. 6) In this work, we have developed a geometrical model for describing the field-induced AF-FI (or FO) phase transition. The model is based on the electrostatic dipolar and quadrupolar interactions between two nearest neighboring (NN) pair of the dipoles at the molecular ends. The dielectric behavior at various bias fields near the AF-FI (or FO) transition are consistent with theoretical predictions.
Geometrical Model
In tilted chiral smectic phases such as smectic C* (SmC*) phase, because of rotational hindrance, transverse dipole moments of the molecules tend to lie along the direction perpendicular to the smectic layer normal and to the molecular tilt plane. 5) In the antiferroelectric SmC* A phase, the molecules are tilted by an angle of θ t with respect to the smectic layer normal like in the SmC* phase, whereas the direction of the tilt alternates from one layer to the other. Accordingly, the transverse dipole moments in two successive layers cancel out. Depending on molecular chirality, the helicity of the system will be either left-handed or right-handed. The configuration of a helix-unwound antiferroelectric SmC* A phase is shown in Fig. 1(a) . In this configuration, an antiferroelectric unit cell is assumed to be composed of two antiparallel transverse dipole moments. These dipole moments result in where r i j = R ν 2 + 4 sin 2 {(φ j − φ i )/2} and ν = D/R. The dipolar interaction makes two molecules rotated in opposite directions while confined within each molecular cone. Therefore, it is reasonable to assume that φ i = φ and φ j = π − φ. Then, the angular dependence of the interaction energy is expressed in terms of a single variable φ. The effective dipolar interaction in terms of the azimuthal angle, φ, is represented by the solid line in Fig. 2 . As expected, the dipolar interaction energy has a minimum at φ = φ d min = π/2, meaning that φ i = φ j = π/2 for the antiferroelectric molecular pair located on the surfaces of two oppositely directed cones. In other words, the molecules in two successive interacting layers are antiparallel to each other in the AF state. The usual coupling between the polarization and an external electric field is represented by f e . Below a certain threshold, this field coupling induces the pretransitional effect 5) in the AF state while above the threshold, it produces the ferroelectric molecular arrangement. This means that f e has a minimum at φ e min = 0 under the electric field with one polarity and φ e min = π under the field with the other polarity. Based on the above idea, it was previously reported 7, 8) that the threshold or thresholdless behavior of the electro-optic (EO) switching in AFLCs depends on ν during the fieldthe electrostatic dipolar interactions between the molecules in the neighboring layers. The geometrical model of antiferroelectricity at a molecular level is depicted in Fig. 1(b) . In such bilayer model, the total electrostatic dipolar interactions between two successive layers is given by where ξ i j = (r i − r j )/r i j and r i j = |r i − r j | with j = i ± 1. Here, P i and P j are the effective polarizations in the i-and j-th layers, respectively. The parameter d is related to the range of the dipole-dipole coupling, 7) which is on the order of R. Using the configuration shown in Fig. 1(b) , the dipolar
interaction, f d , per two successive layers can be written as induced phase transition. Moreover, in the case of the EO switching with a threshold, the threshold field is proportional to the effective polarization. It may be interesting to note that the dipole moments of the molecules arranged in an ordered structure can produce quadrupolar interaction. Such quadrupolar interaction will be considerably large when two dipole moments are arranged in opposite directions. Assuming that average positions of two oppositely oriented electric charges lie along the direction perpendicular to the average dipole moment, 9) the electrostatic quadrupolar interaction is given by
where
Here, q 0 is the effective quadrupole moment and q represents a measure of the range of the quadrupolar coupling. In Fig. 2 , the effective quadrupolar interaction, represented by the dotted line, is shown as a function of the azimuthal angle,
, the quadrupolar interaction energy has a minimum. This tells us that the quadrupolar interaction tends to keep two molecules in successive interacting layers nearly perpendicular to each other. In other words, the quadrupolar interaction will stabilize the FI ordering. 9) In describing the frequency dependence of the dielectric properties of the FI state, we attempt to approximate the form of each interaction energy, f d or f q , around the angle of φ min as a harmonic potential, A(φ − φ min ) 2 . The amplitude √ A is then proportional to the resonance (or absorption) frequency. In the vicinity of the AF-FI transition, it is assumed that the dipolar and the quadrupolar interactions are comparable but f d ≥ f q is still valid since the two interactions compete with each other to undergo the transition. Under this assumption, in the numerical simulations, It should be noted that the next-nearest neighboring (NNN) dipolar interaction also plays an important role in the exis- tence of the FI-like order in a qualitatively same way that the quadrupolar one does. 10) The relative strength of the NNN interaction to the NN one was found to be on the order of 100 in the AF state below the AF-FI transition. The ratio of the corresponding absorption frequencies is then on the order of 10, which agrees with the criterion for the appearance of the FI order described above. In fact, the FI order is attributed to both the NNN dipolar and the quadrupolar interactions which are involved effectively in a similar manner. It may be then concluded that the ratio of the dielectric absorption frequencies, originated from the NN dipolar and the quadrupolar (or the NNN dipolar) interactions, near the AF-FI transition is of the order of 10.
Experimental
We studied a single AFLC compound, tolan C10 [C 10 H 21 O∅C ≡ C∅COO∅COOC * H (CH 3 ) C 6 H 13 ], which has the following phase sequence: Iso. → Sm A → Sm C* → Sm C FI * → Sm C A * → Cryst. The sample cell was made with conductive indium-tin-oxide coated glasses which were treated with polyimide of AL3046 (Japan Synthetic Rubber Co.) to promote homogeneous (planar) alignment. For uniform planar alignment, only one surface of the cell was unidirectionally rubbed. The cell gap was maintained by glass spacers of 10 µm thick. The LC material was introduced into the cell in the isotropic state. In order to align both the LC molecules and the smectic layers, the sample was cooled down to the AF phase at a rate of 0.1
• C/min. The sample cell was mounted in a microfurnace (Mettler FP 90) for temperature control, and the temperature fluctuations were approximately 0.05
• C. The transition temperatures were determined simultaneously from the measurements of the dielectric behavior at various frequencies and the EO response at the frequency of 10 Hz during the cooling process. A switching system (Keithley 7001) with a low current matrix card (Keithley 7152) was used for measuring the EO transmittance through a photodiode and the dielectric consyant through an impedance analyzer (HP 4192A). A He-Ne laser of 632.8 nm wavelength was used as a light source. The sample cell was placed between crossed polarizers. The input polarization of the laser beam was adjusted in such a way that the transmitted light through the cell gave complete extinction in the AF phase under no external electric field. The EO and dielectric measurements were made at the ac field of 0.4 V/µm and zero bias field, respectively.
As shown in Fig. 3 , there is a small bump in the EO transmittance at 89.3
• C where the change of the molecular ordering such as a FI order is involved. In fact, this structural change results in the appearance of the dielectric peak at the phase transition by differentiating the dielectric constant. Note that in our case, the EO signal seems more sensitive to the structural change than the dielectric constant itself. Thus, the AF-FI transition temperature of C10 compound is considered to be 89.3
• C.
Results and Discussion
The dielectric absorption of C10 at 88.0
• C in the vicinity of the AF-FI transition is shown as a function of the frequency at various bias fields in Fig. 4 . The highest absorption peak at above 1 MHz, independent of temperature and the bias field, comes from the intrinsic nature of the sample cell. It was checked that an empty cell with no LC material showed the same dielectric behavior in the high frequency regime. Moreover, since the absorption peak in the low frequency regime below 100 Hz is attributed to the ionic and/or impurity effect, 11) we will focus on the absorption peaks in the frequency range between 100 Hz and 1 MHz. It is generally believed that two peaks, associated with the anti-phase (fast) and in-phase collective (slow) modes, exist in the AF state. [12] [13] [14] In fact, the relaxation frequency and the dielectric absorption depends, to a certain extent, on the adjacent high temperature phase whether it is the Sm A or the FI phase. In the C10 compound studied, two absorption peaks were observed near the AF-FI transition. These peaks represent the characteristic dielectric behavior of C10 in the liquid crystalline state. In order to determine the peak frequencies, f L and f H , and the corresponding dielectric strengths, L and H , the data of the dielectric absorption of C10 in Fig. 4 were fitted to the following Cole-Cole form with two peaks. assertion is supported by the fact that the value of β L deviates significantly from one. Under these circumstances, the low limit of the ratio Fig. 5 under no bias field, the ratio f H / f L ≈ 76, which agrees qualitatively with the criterion for the appearance of the FI ordering.
We now examine the bias field dependence of the dielectric behavior at the low frequency f L to see the nature of the FI-like order present in the C10 compound. The frequency f L decreases while the corresponding strength increases with increasing the bias field up to about 0.62 V/µm. Above 0.62 V/µm, the dielectric strength decreases monotonically with increasing the bias field like the Goldstone mode in the FO phase. This bias field induced phenomenon is analogous to the temperature-driven AF-FI-FO transition which possesses the inherent FI phase arising from either the quadrupolar or the NNN dipolar interaction. Therefore, it is not physically unreasonable that in the AF state just below the AF-FI transition, an external bias field induces the FI order which can be reflected in the dielectric absorption. On further increasing the bias field, the FI order is transformed into the FO order, and thus the dielectric strength decreases. Since the bias field tends to broaden the potential well of the quadrupolar interaction, the frequency f L decreases with increasing the bias field.
Concluding Remarks
We have developed a simple geometrical model of antiferroelectricity which describes the main features of the FI ordering near the AF-FI phase transition. It was demonstrated both experimentally and theoretically that the dipolar interaction stabilizes the AF ordering while the quadrupolar one does the FI ordering. Before definite conclusions are made, however, more studies on several different AFLC materials with different phase sequences should be carried out. The EO switching dynamics associated with the intrinsic and/or induced FI order remains to be explored. The measured peak frequencies and the dielectric strengths are shown in Fig. 5 as a function of the bias field. The fitted values of the exponents were found to be β H = 0.98 and β L = 0.57. This tells us that the high frequency relaxation involves a single mode while the low frequency relaxation does at least two adjacent modes of the Debye type (β L = 1.0) that are barely separable from each other. The high frequency f H and the corresponding strength are nearly independent of the bias field in the range of the field studied. Within the framework of our bilayer model and the mode assignment reported previously, 13, 14) the high frequency relaxation arises from the anti-phase fluctuations of the molecules in two adjacent layers, which in turn from the dipolar interaction described in our model.
On the other hand, the low frequency f L is known to be associated with the in-phase collective fluctuations of the molecules around two interacting cones in the AF state. 14) In our case, since the FI-like fluctuations may exist just below
